2.3.1.3 All Hadronic Mode

We have found a clear signal in the all-hadronic decay
channel for ¢t events. In this decay mode there are six
final state jets, four of which come from the hadronic
decays of the two W’s and two from the b-quarks.
Approximately 44% of tt events have this decay sig-
nature. Achieving a reasonable signal-to-background
ratio is the challenge in this data set which is domi-
nated by QCD multijet production. In order to isolate
a signal and maintain efficiency, we require at least
five well-separated jets, one of which must be SVX
b-tagged. After additional topological cuts, we find
222 tags in 187 events with an estimated background
of 151 + 10 events. Figure 2.14 (lower left) shows the
jet multiplicity spectrum for the all-hadronic chan-
nel. In the 4-jet bin where we expect little contribu-
tion from ¢t events, the background and observed tags
are in good agreement (12 observed vs 11.7 expected).
Where we expect to see a signal for tf, in the 5, 6,
and >7-jet bins, an excess of tags is observed over
the background predictions. [8]

2.3.1.4 Kinematic Discrimination

In addition to the search techniques based on the
dileptons and b-quark tagging, CDF has isolated tt
events based on the kinematical properties predicted
from Monte Carlo simulations. These methods use
the lepton+jets event sample but do not rely on b-
tagging to reduce the background. One technique ex-
amines the jet Ep spectra of the second and third
highest Erp jets [5]. The second technique uses the
total transverse energy of the event [6]. In both cases,
there is a clear tf component in our data.

2.3.1.5 tt Production Cross Section

The counting experiments which lead to a confirmed
signal can be turned directly into measurements of
the tt production rate. Figure 2.15 shows the ¢ pro-
duction cross section measured in several channels
in comparison to recent theoretical predictions. Our
best measurement is obtained from the weighted av-
erage of the counting experiments performed in the
dilepton channel, the two lepton+jets channels, SVX
b-tagging and SLT b-tagging, and the all-hadronic
channel. With 105 pb~! of data, we measure a
production cross section by combining the measure-
ments in each of the separate channels to be 6.5717
pb[36, 37]. The production cross section in the indi-
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Figure 2.15: The measured cross section for ¢ pro-
duction for each of the separate production chan-
nels measured at CDF as well as our combined
measurement. The vertical line represents our av-
erage value. The bottom most point is an indica-
tion of the current theoretical calculations evalu-
ated at a top mass of 175 GeV/c?.

vidual decay channels are found to be 5.71'}:2 pb for
the Lepton+jets mode [36], 8.41’%:2 pb for the dilepton
mode [38], and 7.615> pb for the hadronic mode [39].
A theoretical cross section calculation by Mangano
et al. predicts 5.2 pb[18] at 175 GeV/c?, and other
recent theoretical cross sections are within approxi-
mately 10% of this value.[18, 19]

2.3.1.6 Top Quark Mass

The top quark mass has been measured in three dif-
ferent channels. The primary method is based on
fully reconstructing the tf system with lepton-+jets
events. These events must contain a lepton and at
least four jets such that each final state parton can be
assigned to an observed jet or lepton. The reconstruc-
tion is performed using a constrained fitting technique
which selects the best assignment of observed jets to
final state partons based on the lowest x?. Without
any b-tagging information there are 24 combinations
which must be considered (12 parton assignments X 2
possible longitudinal momentum components for the
neutrino). When one or two jets are tagged as b-
quarks, the number of combinations is reduced to 12
and 4, respectively. In order to make the best use
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of the data sets for measuring the top quark mass,
the lepton+jets sample is divided into four orthogo-
nal subsamples based on b-tagging: the SVX single-
tagged set, the SVX double-tagged set, the SLT-only
tagged set, and the not-tagged set [13]. The back-
grounds are determined separately for each subset.
The mass is determined by combining the likelihood
functions defined in each subsample to extract a sin-
gle optimized measurement of the top quark mass.
This method currently yields the world’s best top
mass measurement of 176.1 + 5.1 (stat.) + 5.3 (syst.)
GeV/c?[3] (see Figure 2.16). The systematic uncer-
tainty is dominated by the uncertainty in final state
gluon radiation and the detector energy scale.

The same constrained fitting technique was also
used to reconstruct the top mass in the all-hadronic
channel where at least one b-tag was required;
the result is seen in Figure 2.14 (lower right).
Applying a maximum likelihood technique to the
data in this channel results in a top mass of
186 & 10 (stat.) + 5.7 (syst.) GeV/c2.

Reconstructing a top mass in the dilepton channel
is difficult because this system is underconstrained
due to the two undetected neutrinos. To solve
this problem, we scan the two neutrinos and top
mass to determine a probability function. Given
the top mass, W mass, 7,,, 7.,, the two b jets,
and two leptons, one can solve for the top mass
independently and compare the predicted missing
energy with the measured as a weight estimator.
This technique gives a top mass from dileptons of
167.4 4+ 10.3 (stat.) £ 4.8 (syst.) GeV/c2.

In the subsample of lepton+> 4-jet events where
two b-tags are required, we have looked for evidence of
the decay of the hadronic W-boson. Fig. 2.17 shows
the reconstructed mass of the unconstrained jet-jet
system. A fit yields a jet-jet mass of 79.8 + 6.2
GeV/c? [15]. This will be an important in situ tech-
nique for jet energy scale calibration in Run II. The
top mass from this double b-tagged subsample has
been determined to be 174.8 £ 8 (stat.) £ 6 (syst.)
GeV/c2.[14]

2.3.2 Lessons from Run I

e The detector should have the greatest possible
acceptance for high-pr electrons and muons from
the chain t - W — [v.

e The detector should have the greatest possible
acceptance and efficiency for tagging b-jets. This
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Figure 2.16: The optimized lepton+jets top quark
mass plot for each of the four data samples. The
light shaded area is the background expectation.
The darker shaded region is the shape of the
background + top expected for a top mass of
175 GeV/%.The insert in each plot shows the -
Alog(likelihood) for the data in comparison to
mass spectra derived from Monte Carlo samples
of various my,, for that particular set of selec-
tion cuts. This technique results in a measured
top quark mass of 176.1 + 5.1 (stat.) £ 5.3 (syst.)
GeV/c?.

is a question of geometrical coverage, efficiency,
and signal-to-noise ratio, most importantly for
secondary vertex finding but also for soft lepton
identification.

Precision measurement of the top mass requires
that the detector have in situ capability for un-
derstanding the systematics of jet energy cali-
bration, including the ability to accumulate large
samples triggered on low-pr charged tracks, in-
clusive photons, and inclusive W — lv and Z —
l.

Understanding of b-tagging systematics has re-
lied on the ability to accumulate a large, rea-
sonably pure control sample of inclusive b-jets
using low-pr inclusive lepton triggers. We an-
ticipate doing this again, with some demand on
DAQ bandwidth. However, we have learned that
jets containing b — cly; X are a biased control
sample, and we believe that a large sample of b-



Dijet mass of untagged jets in events
with a b tag and a second loose tag

CDF PRELIMINARY 110 pb™

Shaded: non—top background
35 [ Dotted: top 175 MC + bg

Dijet Mass (GeV/c#**2)

Figure 2.17: The M]V]V distribution is shown for
data (solid), expected top+background (dashed),
and background (shaded), for W+4 jet events
which contain two b-tagged jets. The value of M }’JV
is 79.8 £ 6.2 GeV/c?. The top mass from this
subsample has been determined to be 174.8 £ 9.7
GeV/c?.

jets collected with a secondary vertex trigger will
be extremely useful.

2.3.3 Impact of Upgrades on Top Physics

The impact of the CDF IIb upgrades is to maintain
the significant increases in overall top acceptance that
will be achieved in Run Ila and to maintain that in-
creased acceptance and precision at high luminosity
and maintain the precision for large integrated lumi-
nosity.

e Silicon Vertex Detector (SVX IIb): SVXII
was not built to survive the radiation levels that
it would be exposed to for Run IIb. Layer 00 as
well as the three innermost layers of SVXII need
to be replaced in order to complete Run IIb with
reasonable detector performance and thus meet
our physics goals. Time constraints on the length
of the Run Ila to IIb shutdown require that all
of SVXII be replaced. The goal of the replace-
ment device is to have comparable performance
to SVXII - the one now in place for Run Ila.
Since SVXII is still being commissioned, com-
parisons will be made between the Run I silicon
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and the proposed SVXII replacement.

In top physics, the name of the game is accep-
tance and purity. The tagging of b-quarks from
top quark decays will be greatly improved in the
long, 7-layer device from what was used in run I.
Increasing the length of the silicon from 52 cm to
96 cm will extend the region of “contained b-jets”
to cover the entire interaction region. With seven
measurements in two views for any given track,
it will be possible to make stringent track quality
requirements, reducing the level of mistags, while
still improving the overall track finding efficiency.

Taking all of these factors into account, we antic-
ipate that the SVX II replacement will increase
the efficiency for tagging at least one b-jet in a
tt event to better than 65% (a 60% increase over
the Run 1 efficiency), and will raise the double b-
tag efficiency to 20% (a 200% increase from Run
I performance) [23].

Finally we point out that the 3D capability of
the the new silicon detector will allow a precision
measurement of the primary vertex in the event,
improving a variety of measurements including
the E;/P; of the primary leptons, the E; of the
jets, and the missing transverse energy.

Central Outer Tracker (COT) Upgrade:
The top analysis of Run I depended crucially on
the large central tracking chamber. Similarly, the
success of Run Ila top analysis will depend upon
the performance of the Central Outer Tracker
(COT). As luminosities increase for Run IIB, the
inner superlayers of the COT will become less
effective due to an increase in occupancy. Al-
though track finding utilizing the outer super-
layers will still be possible, the ability to point
back to the silicon will be degraded due to low
hit usage on the inner superlayers. On compli-
cated events such as those found in #¢, this effect
would be extremely detrimental to our ability to
reconstruct the event properly. Thus deadening
the sense wires at large |n| would give back most
of the fine performance expected in the Run ITA
COT.

Muon Detection System: In the Run I top
analysis, only “central” muons were used as the
primary lepton - that is those muons which were
detected in the region covered by the CMU and
CMP detectors. Muons that passed through the



Channel Acc. A;g Acc.,A;; RunI  Run IIb Yield
(Run Ib)  (Run IIb) Results (w/ Arr)
Produced tt - - 525 100k
Dileptons (ee,uu,ep) 0.78% 1.1% 10 1200
Tau dileptons (e, ut) 0.12% 0.14% 4 142
lepton+ >3] 9.2% 11.2% 324 10000
lepton+>3j w/ >1 b tag 3. 7% 7.3% 34 7425
mass sample w/ >1 b SVX tag 3.0% 5.8% 20 6000
mass sample w/ >2 b SVX tags  0.52% 1.8% 5 1800
Table 2.2:

Acceptance and yield of ¢t events for a Run ITb upgraded detector. The yield is determined
using the theoretical cross section (6.8 pb) at m,, = 175 GeV/c?, /s = 2 TeV, and 15 fb~!
data sample. For comparison, the acceptances for Run Ib are shown as well as the number
of events seen in Run 1 prior to background subtraction. The acceptances include branching
ratios and leptonic and kinematic selection (e.g. jet counting).

CMX detector (at higher |n|) were used to iden-
tify secondary leptons only — the very high rates
and dynamic prescales used in the trigger proved
too difficult to untangle. Much of this problem
has been addressed for Run ITA by substantially
increasing the steel shielding between the inter-
action region and these counters. This shielding
should reduce the number of fake hits such that
the trigger rates in the CMX region will be man-
ageable.

Since the drift times in the muon chambers are
now appreciably longer than the bunch crossing,
scintillation counters, which shadow all of the
muon chambers, were added so that muon stubs
can be assigned to a particular bunch crossing.
Some of this scintillator, like those mounted on
the CMX muon arch chambers were installed in
Run I and are now showing signs of aging. Cur-
rent aging projections show that the performance
of these counters will be substantially degraded
in the next 2-3 years. If it is not replaced, this re-
gion of rapidity unusable for top physics in Run
ITb. This loss would decrease the muon accep-
tance by approximately 10% from Run ITA.

Central Calorimeter: With the increased lu-
minosity and smaller bunch spacing of Run IIB,
the central preshower and central crack cham-
bers will need replacement. Their relatively poor
segmentation and slow readout times will render
these detectors useless in this new environment.

The loss of these detectors will cripple both elec-
tron and photon identification - both critical to
top quark physics. The central preradiator in
Run T offered a factor of 2 to 3 more rejection
of charged pions that pass all other cuts using
tracking, calorimetry, and shower maximum in-
formation. This extra rejection is crucial in min-
imizing background in soft electron ID for b-jet
tagging (SLT).

2.3.4 Event Yield

To estimate the yield of top events, we extrapolate
from our current measured acceptance in Run I using
the theoretical cross section (6.8 pb) at myoy = 175
GeV/c? and /s = 2 TeV [22, 11].

At /s =2 TeV, the tt cross section is approximately
40% higher than at \/s=1.8 TeV. We assume that the
additional lepton and b-tagging acceptance outlined in
Sec. 2.3.3 above can be incorporated while maintain-
ing a signal-to-background ratio comparable to the
Run I analysis.

Table 2.2 summarizes the acceptance and yields for
various decay channels in the Run II configuration.
The Run Ib acceptances are shown for comparison.
A data sample of 15 fb~! at the Tevatron will provide
over 7500 identified b-tagged tt events.
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2.3.5 Measurement of the Top Quark
Mass

The top quark mass will be one of the most important
electroweak measurements made at the Tevatron. In
combination with the W mass, m; gives information
about the mass of the standard model Higgs boson.
The precision electroweak program and the W mass
measurement are discussed in the electroweak section
of Chapter 2. Figure 2.14 shows how the predicted
top and W mass measurements constrain the Higgs
mass. In that figure, the uncertainty on the top mass
is taken as 4 GeV/c?.

Currently, the statistical and systematic uncertain-
ties on CDF’s top mass measurement are both about
5 GeV. The statistical uncertainty should scale as
1/V/N. Using the yields in Table 2.2, we anticipate
that the statistical uncertainty on the top mass in
the optimized lepton+> 4-jet sample will be much
less than 1 GeV/c?. Thus in Run IIb, the overall
uncertainty will be dominated by systematics. In
fact, we expect approximately 1800 double-tagged
lepton+> 4-jet events on tape with a 15 fb~'data
sample. That one sample alone is sufficiently large
that the statistical uncertainty will be less than 1
GeV. Since both b-jets are identified in the double-
tagged subsample, it may turn out that the system-
atics for these events are better understood. If this is
the case, there would be no need to include the other
3 subsamples (no-tag, single SVX tag, SLT tag) as
was done in Run L.

Almost all of the systematic uncertainties in the
top mass measurement are coupled to the reliabil-
ity of the Monte Carlo models for the spectrum of
fit masses in signal and background. Assuming the
theory model is accurate, most of the uncertainty is
related to resolution effects. Instrumental contribu-
tions include calorimeter nonlinearity, losses in cracks,
dead zones, and absolute energy scale. A larger and
more difficult part of the energy resolution concerns
the reliability of the extrapolation to parton energies.
Ultimately, it may be our understanding of QCD and
not the detector which limits the mass resolution.

Many of these issues can be addressed by in situ
calibration procedures. For example, Z+jet events are
used to understand the systematic uncertainty due to
energy scale and gluon radiation, two of the dominant
uncertainties. In 15 fb™!, we expect to have 200K
(525) Z’s with 1 (4) or more jets. The effect of gluon
radiation will also be studied in large statistics sam-

ples of Wjets, y+jets, and bb events. In addition,
the mass peak from W — ¢q¢' (see Figure 2.17) in the
lepton + jets top sample allows an energy scale cal-
ibration in ezxactly the same events and environment
as the mass measurement. [1].

In any case, if all systematic effects can be measured
or otherwise connected with mean quantities in large
statistics control samples, the systematic uncertain-
ties should also scale as 1/ VL. We can conservatively
assume in this case that we can reduce our systematic
error to ~ 2 GeV/c?.

2.3.6 Production Cross Section, o,

An accurate measurement of the t¢ production cross
section is a precision test of QCD. A cross section
which is significantly higher than the theoretical ex-
pectation would be a sign of non-standard model pro-
duction mechanisms, for example the decay of a heavy
resonant state into ¢t pairs or anomalous couplings in
QCD. As in the case of the top mass, large statistics
in the lepton+jets mode imply that systematic uncer-
tainties will be the limiting factor in the cross section
measurement.

For the acceptance, the reliability of jet counting
and b-tagging are at issue. Initial state radiation can
be examined using a sample of Z+jets, while the jet
energy threshold uncertainty can be addressed as in
the top mass discussion. With 15 fb~! of data it
will be possible to measure the b-tagging efficiency
in top events, using dilepton events selected without
a b-tag and the ratio of single to double tags in lep-
ton+jets events. We assume that these studies will
give uncertainties that scale as v/ N. Hence we expect
of order a 3 fold improvement in these systematic un-
certainties from what was estimated for Run Ila.

With large samples, one can measure the bottom
and charm content as a function of jet multiplicity in
W + jet events using the ¢ distribution of the tagged
jets and use this to tune the Monte Carlo models for
W+> 3-jet backgrounds. Finally, in Run IT and be-
yond, the luminosity will be measured either through
the W — lv rate, or the mean number of interactions
per crossing, and we will assume 5% for the future
precision of the luminosity normalization.

Accounting for all effects we find that the total ¢
cross section can be measured with a precision of &~
5% for 15 fb~1. This will challenge QCD, and provide
a sensitive test for non-standard production and decay
mechanisms.
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2.3.7 Measurement of at - W Branching
Fraction

The ratio of the ¢t cross section measured using dilep-
ton events to that measured using lepton+jets events
is a test for non-standard model decay modes of the
top quark. Since the cross section in each case as-
sumes that each top decays into W-bosons, a ratio
different from 1.0 would signal decays without a W-
boson, such as charged Higgs (t — HT b) or light
supersymmetric top (stop). The reach for a partic-
ular non-standard decay is model dependent, but we
can say that with 15 fb~! of data, we will be able
to measure the basic dilepton to lepton+jets ratio to
8%, and the top branching fraction to W in associa-
tion with b with a precision of 5%.

2.3.8 Measurement of a t -+ b Branching
Fraction

In the standard model with 3 generations, existing ex-
perimental constraints and the unitarity of the CKM
matrix require Vi, ~ 1, predicting that the weak de-
cay of the top will proceed almost exclusively through
W + b. In events containing a W, the top branching
fraction to b’s is related to the CKM element accord-
ing to:
B, = B(t— W(b))

a(t — Wb)
ot — Wq)

[Vio|?
‘Wd|2 + |V;fs|2 + |V;‘,b|2

The notation above is meant to indicate that a W
has been required in the final state, and this is not
the decay fraction to W+Db, but the fraction of decays
with W’s which also contain b’s. Since the standard
analysis identifies t¢ events by requiring at least 1 W
and 1 b, B(t — W(b)) is measured from the number
and distribution of tagged b-jets in top events. Four
different techniques can be used to measure this dis-
tribution: [20, 21]

e The ratio of double b-tagged to single b-tagged
events in the b-tagged lepton-+jets sample: re-
quiring one b-jet to be tagged leaves the sec-
ond jet unbiased, and from a known tagging effi-
ciency, one can extract the branching ratio from
the ratio of tagged to untagged “second jets”.
120]

e The ratio of single b-tagged to no b-tagged events
in a lepton+jets sample in which kinematic cri-
teria have been applied: since there is no a-priori
tag requirement, we can extract the branching
ratio from the ratio of single tagged events to
not-tagged events. An ideal sample for this is
the W+4 jet mass sample prior to applying the
X2 cut. [21]

e The number of b-tagged jets in the dilepton sam-
ple: Since b-tagging is not required to identify
tops decaying to dileptons, the whole b-tag mul-
tiplicity distribution in these events contains in-
formation on B(t — W(b)). Despite the smaller
branching fraction to dileptons, the statistical
powers of the dilepton and lepton+jets samples
are comparable.

e The distribution of double tags: If there are two
tagging algorithms (soft leptons and secondary
vertex), one can compare the number of times
that events tagged by both algorithms have both
tags in the same jet vs. the number of times the
tags are in different jets. Small values of B(t —
Wb)/B(t — Wgq) result in large values of the
same to different jet ratio.

These techniques are not exclusive, and can be com-
bined. We have used a maximum likelihood estima-
tor to do this combination in Run I data. With 105
pb~!, CDF has a +25% statistical uncertainty on the
branching fraction, but only an +11% systematic un-
certainty. The systematic uncertainty is dominated
by the uncertainty on the tagging efficiency, which
is measured in the data using b-rich inclusive lepton
samples. This uncertainty should fall as 1/v/N. The
small non-t¢ backgrounds will be measured to high ac-
curacy by Run II. For Run II, we expect to measure
B(t — W (b)) to 3.0%.

2.3.9 Anomalous Couplings and Weak
Universality

Since the top quark is so heavy, it is possible that
the physics of the underlying theory may manifest it-
self via new non-universal top interactions. The top
quark is unique in that it decays prior to hadroniza-
tion and therefore the decay products carry helicity
information related to the fundamental couplings. In
the standard model, the top quark decays only to lon-
gitudinal or left-handed W’s, where the ratio is given
by
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For mye, = 175.9 GeV/c?, the branching fraction to
longitudinal W’s is 70.6 + 1.6%. In many cases non-
universal top couplings will appear as as a departure
of B(t = bWigng) from the standard value and we use
this quantity as our precision benchmark for probes
of anomalous weak couplings.

Experimentally, we have two ways to access the po-
larization state of the decay W. The first way and
perhaps the most obvious way is through the charged
lepton helicity angle, cosf} which can be measured in
the lab frame as

2
2Mg,

2 2
Mepy M w

~1 (2.1)

* ~
cosf; =

The resulting distribution can then be fit to a su-
perposition of W helicity amplitudes in order to mea-
sure any possible contribution of non-universal weak
couplings in the top decay.

The second way uses the shape of the lepton Pt
spectra. The idea here is that the charged lepton from
the left handed W tends to move opposite to the W
direction while that from the longitudinal W tends to
be perpendicular to the W direction. In the lab frame,
this implies that leptons from longitudinal W’s have a

somewhat harder Pt distribution than those from the
left-handed W’s. See Figure 2.18 for an illustration
using Herwig MC.

For Run 1 data, it turned out that both techniques
have roughly equal statistical sensitivity, but Pp of-
fers many advantages over the angular distribution.
It eliminates systematic uncertainties related to par-
ton combinatorics and neutrino reconstruction in the
mass fitter and as a variable is more accurately mea-
sured.

The following cuts were used in the Run 1 analysis
[40, 41]. We start with the cuts used in the ¢¢ cross-
section analysis for event selection and then pick 4
subsets out of this W+3 jet heavy flavor data set.

e A displaced vertex tag identified by our algorithm
SECVTX.

e A 4th lower energy jet (Er > 8 GeV) and a soft
lepton tag (SLT) within a cone of 0.4 of one of
the 3 leading jets and NOT have a SECVTX tag

e A 4th high energy jet (E7 > 15 GeV) and a mass
fitter value x? < 10.

e Standard dilepton search criteria

A likelihood procedure is performed using the lep-
ton Pt as a variable to determine the fraction of top
quarks which decay to longitudinal W bosons. For
105 pb-1, the fraction of top quarks which decay lon-
gitudinally is 0.91 + 0.37 (stat) + 0.13 (syst). The
fraction of top quarks which decay to right handed W
bosons (helicity of +1) is measured to be 0.11 £+ 0.15
(stat) £ 0.06 (syst). The dominant systematic con-
tributions are due to the uncertainty in top mass and
the relative fractions of background contributions.

To date, no study has been performed to see how
one would measure this quantity in Run IIb. The data
samples will be significantly larger which would help
measure the polarization angle. However even with
double tagged events, there is still a bias due to mass
fitter. It is important to note that even with rela-
tively small data samples in run 1, the systematic un-
certainty on this measurement is already quite small.
With 15 fb~lof data, we should be able to measure
the top quark decay branching fraction to longitudi-
nal W-bosons with a total precision approaching of
order 1%. The V+A term in top decay should have
similar sensitivity.
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2.3.10 Single Top Quark Production

In addition to ¢¢ pair production via the strong inter-
actions, top quarks can also be produced singly via
the electroweak interaction. This process depends on
the t-W-b vertex, and the production rate is a mea-
sure of the top decay width to W+b and the CKM ma-
trix element |V;;|2. Single top is of theoretical interest
because it provides a direct window on the charged-
current interaction of the top quark. Unlike the case
of top pair production where the electroweak vertex
tWb plays a role only in the top quark’s decay, in
single top, the production cross section contains in-
formation on the coupling of top to W and b. Thus
the production cross-section for single top contains
information on the top partial width.

So far, we have assumed the validity of the Stan-
dard Model. Nonstandard couplings could invalidate
the above simple extrapolation between V}, and the
top width or even render the entire concept of Vy ill
defined. Examples of proposed anomalous couplings
that could impact single-top production rates include
a ¢%-dependent form factor at the tWb vertex or new
flavor-changing neutral current couplings like tZc or
tgc. New particles such as heavy W' boson would
also lead to unexpected rates of single top produc-
tion. Thus measuring single-top production is a win-
win proposition. Either we get information on the top
width and V};, or we find evidence of new physics.

The two dominant single top processes at the Teva-
tron are the s-channel mechanism gq — tb, referred
to here as W* production, and the t-channel interac-
tion gb — gqt, referred to as W-gluon fusion. Other
processes become important at higher energies, but
are negligible here because they have such heavy final
states. Based on theoretical calculations, the W-gluon
fusion process is thought to dominate the production
with an estimated cross section of 1.7 pb at a 900
GeV Tevatron; the uncertainties on this calculation
are on the order of 15%. The W* production mode is
roughly half as large and has an estimated cross sec-
tion of 0.73 pb with a theoretical uncertainty of 9%.
The combined rate for single top production by these
two processes is =~ 2.4 pb, only a little more than a
factor of 2 down from the ¢t rate at this energy.

As is the case for tt, single top events present them-
selves in the CDF detector as the leptonic or hadronic
W decay products accompanied by one or more addi-
tional jets. Single top events are interspersed among
a vast background of QCD processes which appear

as energetic jets in the detector. Since hadronic W
decay products are not easily distinguished from or-
dinary QCD jets, a first step in isolating the single top
signal is to demand evidence of a leptonic W-decay as
is done with ¢t - namely applying leptonic W selec-
tion criteria of a high Pt electron or muon plus large
missing energy. As in ¢, dilepton and Z removal cuts
are used to reduce unwanted backgrounds further. B-
tagging is also used. What remains are backgrounds
of W+heavy flavor and ¢t production. Thus, addi-
tional cuts are required to separate single top events
from these backgrounds.

There are differences between the final states in Wg
fusion and W* production. The final state for W*
production features a second high-P; central b-jet in
addition to the b coming from the top decay ¢t — Wb.
The second b in a W-gluon event is expected to be
soft and forward and thus not detectable as such in
the CDF detector. Furthermore, the Wg event is ex-
pected to contain an additional hard forward light-
quark jet. Cuts must be developed with these differ-
ences in mind to isolate the individual processes.

The data selection criteria that were used to iso-
late the signal over background in the Run I analysis
include:

e High Pr lepton events with 1, 2, or 3 jets with
Er > 20 GeV, |77|jets <24

o Zp > 20 GeV

e Erp(electron) > 20 GeV

o |n|e1ectron <1.0

e 7 and Dilepton removal
e At least one jet tagged as a b-jet.

e Reconstruct mass of lepton, neutrino and b-
tagged jet to be inside the window 140 < M, <
210GeV

e Fit the Hp distribution where Hrp is the energy
of the jets, leptons and MET in the event

After selection cuts we expect a 4.3 signal events
(W* and Wgluon combined) and 62 background
events. Thus we expect a S/vB = 0.5. See Table
2.3 for a breakdown by bin and by data sample type.
A likelihood fit is then performed based on the vari-
able Hr and a 95
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Process

W+1J W+2J W+3J

W g Signal 0.80 1.50 0.71

W* Signal 0.25 0.80 0.23

tt Beckg 0.21 2.28 5.91

QCD Bckg 37.4 13.9 2.7

Total 38.7 18.5 9.6
Table 2.3:

Bin by Bin predictions for the single top processes and backgrounds for a data size of 105 pb.

The above analysis was optimized for a small sta-
tistical data set. With the large samples expected in
Run IIb, one could remove the 1 jet bin, cut harder on
some of the kinematic variables and separate out the
two separate single top processes. By just removing
the 1 jet bin for large data samples, the S/v/B=2.9!
Based on the theoretical cross section and acceptances
from this analysis, one could expect to see roughly 100
W* events in the W+2 jet bin per fb~! and 150 Wg
events per fb~!. Hence in Run IIb, we expect a total
sample of single top events to be of order 4000 events
on tape. Assuming that the background normaliza-
tion is understood (through the large statistics top
cross section measurement), the statistical precision
on the single top cross section using 15 fb~! will be
about 10%.

Many of the sources of systematic uncertainty in
the single top cross section are common to the ¢t cross
section discussed earlier. We assume that systematic
uncertainties related to selection efficiencies and back-
grounds will shrink as v/N. For the case of 15 fb~!
we find that the measurement of the single top cross
section will have a total uncertainty of approximately
12%.

The single top cross section is directly proportional
to the partial width I'(¢ — Wb) and assuming there
are no anomalous couplings, this is a direct measure
of |Vip|2. There are theoretical uncertainties in con-
verting the cross section to the width, notably for the
gluon fusion process. Taking these into account, we
anticipate that a measurement of the total single top
rate with 15 fb~! will translate in a precision of 6%
on [V!.

The theoretical determination of W* is more reli-
able than that of W-gluon fusion since initial state
effects can be measured in the similar Drell-Yan
process, and if the data set is large enough this may
afford the best precision on the width. The two

SM Top Production + Z* Production

M. = 800 GeV/¢
oL
%) Number of Evts in 700-)4900
o Observed: 87
g 102 Expected SM Top: 17
g E Dashed Line: Fit from 400-600
g
i
10 -
N R RS
1 400 500 600 700 800 900 1000

M, GeV/é

Figure 2.19: A hypothetical m; spectrum with
an 800 GeV/c? Z' topcolor boson. The rate is
based on the theoretical predicted cross section for
tt production and Z’' production [31] with 2 fb~!.

processes can be separated by requiring two b-tags
since the double tag rate for W* production is close
to a factor of 5 more than that of W-gluon fusion.
2.3.11 Search for
Rare Decays

Anomalously Large

o t— Zc,vc

et > WZb

ot > WTW¢
et— Hc

The standard model predicts that the branching
fractions of FCNC top decays are around 10710 [29],
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out of reach for even the LHC. Any observation of
such decays will signal new physics. As illustration,
we consider the signal for a flavor changing neutral
current decay t — ¢y in a tt event. If the other top in
the event decays in the leptonic channel, the accep-
tance is almost the same as the standard model lep-
ton+jets mode, and it then becomes a simple matter
to scale from present results. The background from
W + v + two jets is about 1 fb. Although it is un-
likely that this background will be kinematically con-
sistent with ¢¢ (for example, that m(y+7) = m(t)), we
take the very conservative assumption that this back-
ground is irreducible. We find that 15 fb—! will probe
branching fractions for this decay down to 1.0 x 103

Sensitivity to other rare decays can be scaled from
this estimate. For the case { = Z + ¢, where the Z
decays to leptons, after adjusting for branching ratios
and different backgrounds, we find sensitivity down
to of order 0.5%.

2.3.11.1 Dynamical Symmetry Breaking

Because of its large mass, the top quark is an excellent
probe for physics beyond the standard model. Theo-
ries which implicate top in the electroweak symmetry
breaking mechanism, such as a color-octet vector me-
son associated with a top condensate[33] or multiscale
technicolor[34], predict enhancements or changes in
the shape of the ¢t invariant mass spectrum (my)
and the top quark transverse momentum distribution
(7).

CDF performed a search for resonances, X — tt, in
the M,; spectrum by reconstructing M;; on an event-
by-event basis using the same event sample and con-
strained fitting techniques used in the top mass mea-
surement, with an additional constraint that the top
mass. Effectively once the fit for M;; is done, one
then looks at the 3 body masses and asks whether
they “wanted” to be fit to top. 63 events satisfied
the selection criteria. The Mz distribution of 63 data
events yields a x? of 80% when compared to the hy-
pothesis that the spectrum is comprised of Standard
Model ¢t production and the predicted rate of non-
tt background events. A 95% confidence level cross-
section limits for generic objects in the mass range of
400 GeV/c? to 1 TeV/c? which decay to tt. These re-
sults exclude the existence of a lepto-phobic top-color
Z‘ with masses less than 480 GeV/c? for T' = 0.012M
and 780 GeV/c? for T = 0.04M.

In the absence of a signal, limits in Run II will be

as high as 1000 GeV/c?. New resonances with masses
below the limit could be observed. For example, Fig-
ure 2.19 shows the M;; spectrum for 2 fb~! with stan-
dard model #t production plus the addition of a top-
color Z' at 800 GeV/c? [31], where the Z' decays to
a tt pair. In this theory, the branching fraction of 7/
to tt pairs is potentially large (50-80%) but depends
on the Z’ width. In the case shown in Figure 2.19, we
would expect 17 events from standard model # pro-
duction in the range 700< My < 900 GeV/c? and 70
events from Z' — t¢ in this range. The M;; spectrum
along with other ¢t production distributions provide
an excellent means for searching for new phenomena.

2.3.12 Summary of Top Physics

For the next 5 years, the Tevatron will be the only ac-
celerator capable of producing the top quark. Main-
taining the capability of the CDF Run Ila detector is
critical for setting limits on rare top searches, under-
standing the production rates for single top, and first
significant measurements of both the top width and
Vi as well as on advancing the precision of Run Ila
measurements.

The top physics program possible with this sample
is summarized in Table 2.4. Measurements of branch-
ing ratios, angular distributions, and top production
mechanisms with the sensitivities listed in Table 2.4
will provide the first complete characterization of this
new fermion and provide another stringent test of the
Standard Model. Our catalog of possible measure-
ments is hardly complete. But in the event that the
top quark yields surprises, these sensitivities bench-
mark the capability to explore new physics at the Fer-
milab Tevatron.
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Measurement 15 fb— ! Comment
Yields

N3jet«b 7500 identified events
Nijet«2b 1800 clean m; sample
dmy 2 total precision GeV/c?
Production

dog 6% test top QCD couplings
doufory; 9% test non W decay
004 x 1hix 12% isolate “single top”
Decay

0B(t — W (b)) 1% from N(bb)/N(bX)
0B(t — b(W)) 3% from N(11) /N(1X)
0B(Wya) 1% W — v helicity
OB (Wiong)) 1% et = 5 ()’
dVip 6% from above

Rare Decays

B(c ) <1x1073 (95% CL)
B(cZ) <5x1073 (95% CL)
B(Hb) < 9% from oy /074
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2.4 Precision Electroweak

Program

2.4.1 Introduction

The comparison of diverse precision experimental
measurements to expectations from the Standard
Model [1] allows precise tests sensitive to new physics
at scales above the electroweak scale, as well as a de-
termination of the Higgs mass within the framework
of the model [2]. Global electroweak fits receive con-
tributions from LEP, LEPII and SLC, W mass mea-
surements in pp interactions, neutrino neutral current
data, and the measurement of the top mass at the
Tevatron.

Precision measurement of the top mass and the W
mass are primary goals of CDF II. In addition, in the
electroweak sector, the W width and leptonic branch-
ing ratio, the tri-linear couplings of the W, Z and ~,
and the forward-backward charge asymmetry of dilep-
tons at the Z pole and above are important Standard
Model parameters. These measurements together will
take the global electroweak fit to a new level of preci-
sion, and do so completely in the context of a single
experiment.

In this section we discuss measurements directly in-
volving the gauge bosons. We begin with a compari-
son of the the expected event yields of W, Z, and di-
boson production for Run Ila with 2 fb—! and Run IIb
with 15 fb—!, which illustrates the electroweak physics
potential (see Table 2.5). We then discuss the CDF
Electroweak measurement prospects for Run IIb.

Studies of the Run II sensitivities for Electroweak
physics at CDF II, and their competitiveness with
LEP-II, LHC and NLC experiments are detailed in
the Summary Report of the Workshop on QCD and
Weak Boson Physics in Run II [3]. A review of the
Run I results on W boson physics can be found in [4].

2.4.2 Impact of Proposed Run IIb Up-
grades

Most of the proposed Run IIb upgrades are aimed at
maintaining the enhanced detector capabilities that
were achieved over Run I by the Run Ila upgrades.
Apart from the obvious need to maintain triggering
and data acquisition capability in order to record the
large data samples, we mention the relevant detector
upgrades for electroweak physics.

The momentum measurement from the COT is
clearly very important for leptons. At very high in-

stantaneous luminosities, the occupancy in the inner
superlayers will hurt pattern recognition and track
resolution. The proposed upgrades to the COT in-
ner layers and the silicon detector are both relevant
for maintaining track efficiency and quality.

2.4.2.1 Electrons

The detection capabilities for forward electrons and
photons were significantly enhanced over Run I by
the plug calorimeter and the SVX II4+ISL+COT in-
tegrated tracking. The charged tracking and momen-
tum information will be better, more efficient, and
available over a wider range in 7. Plug electrons will
significantly improve the yields for W and Z bosons,
and allow us to examine some previously inaccessi-
ble electroweak physics topics at high n. When con-
sidering the purely leptonic decay modes, the accep-
tance for W bosons is almost doubled, for Z bosons
tripled, and for the rarer diboson modes quadrupled
by increasing the electron coverage from |n| < 1 to
|n] < 2. More importantly, the high 7 leptons and
photons provide opportunities for previously inacces-
sible physics. The high 7 leptons are very sensitive to
physics in the small x region, and the high n leptons
and photons are essential to observe the radiation zero
in the W~ production (see Section 2.4.5).

It is therefore important to preserve the tracking
capability to high 7. The COT tracking efliciency
falls off rapidly beyond |p| ~ 1. The replacement
of the radiation-damaged SVXII with a new silicon
detector will maintain tracking capability at high 7.

2.4.2.2 Muons

Concerns about the aging and inefficiency of the CSX
central muon scintillators have prompted their study
and the proposal to eventually replace these counters.
These counters are important for triggering and tim-
ing of muons and are therefore very important for the
electroweak physics goals of Run IIb.

2.4.2.3 Photons

Cosmic rays are a significant background for analy-
ses involving photons and/or E7 , such as studies
of diboson production. Most electromagnetic show-
ers produced by cosmic rays are out-of-time with the
beam crossing. The proposed Run ITb upgrade to add
timing information to the electromagnetic calorime-
ter would significantly reduce the cosmic ray back-
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channel number of events || number of events

J Ldt =2/tb J Ldt =15/tb
W — ev (e9) 1,120,000 8,400,000
W — ev (eP) 448,000 3,360,000
W — uv (1) 672,000 5,040,000
W — v (uf) 49,000 368,000
Z — ee (e, ecPf) 146,000 1,095,000
7 — up (ue, pe) 56,000 420,000
Wr, EJ > 10 GeV (v&P) 1,700 12,750
Zv, E). > 10 GeV (v©P) 509 3,818
WW — vly 90 675
WZ — vk 12 90
27 — Lot 14 10
WZ — fvbb 4 30
Z 7 — Libb 0.5 3

Table 2.5: Expected W, Z, and diboson event yields with 2 fb=! and 15 fb~! when the Run Ib configuration is
assumed. ¢, p, and f for electrons represent Run I CEM, PEM, and FEM, and ¢ and f for muons represent Run I

CMU/P and FMU.

ground and have a big impact on the sensitivity in
diboson analyses. This is exemplified by the Zv cou-
pling measurements in the powerful Zv — vvy chan-
nel, where photon identification is of paramount im-
portance. With improved photon identification, this
channel will become available to CDF in Run IIb.

2.4.3 W Mass

The mass of the W boson is a fundamental parameter
of the Standard Model. A direct measurement of My,
can be compared with the prediction from other LEP
and SLC results as a test of the SM. In the context of
other precise electroweak measurements, direct and
precise measurements of My, and My, provide an
indirect constraint on the Higgs boson mass, My, via
electroweak radiative corrections. The ultimate test
of the SM may lie in the comparison of this indirect
determination of My with its direct observation.

At the Tevatron, the W mass is extracted from a
fit to the W transverse mass, M%V , and the lepton
pr distributions. The 4 pb~! of the 1988-89 Tevatron
Collider run enabled CDF to measure the W mass to
be

My, =79.91 +0.39 GeV/c? [6],

and with 19 pb~! from Run Ia CDF measured

My, = 80.41 +0.18 GeV /c? [7].

With 85 pb~! from Run Ib CDF measured
My = 80.470 + 0.089 GeV/c? [8].

The uncertainties in the current Run Ib measure-
ment scale rather well with statistics from the pre-
vious measurements; while the difficulty of the mea-
surement has increased, no systematic limitation is
yet evident. The fits to the data from Run Ib are
shown in Figure 2.21. The uncertainties for the Run
Ib measurement are shown in Table 2.6.

Figure 2.20 (a) shows the sensitivity in the My -
M;iop plane of the combined CDF W mass measure-
ment of My = 80.433+0.079 GeV/c? [8] and the top
mass measurement Mo, = 176.1 & 6.6 GeV/c? [5],
compared to theoretical predictions based on elec-
troweak radiative corrections [2].

In the Run ITa TDR we made a case that a data
set of 2 fb~! will allow CDF II to measure the W
mass to +40 MeV/c?, which is comparable to the
overall LEP2 expectation (~ 40 MeV). Figure 2.20
shows the sensitivity in the Myy-M;q, plane of this
estimate when combined with the expected precision
Mo, = 4 GeV/c? for the same dataset. With a
dataset of 15 fb~!, we make the case below that
My = 20 MeV/c? (and dMo, = 2 GeV/c?) is
within reach. The precision measurement of the W
boson and top quark mass with CDF IIb will allow
inference of the Standard Model Higgs boson mass
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Figure 2.20: The data point labeled “Run I” represents
the CDF measurements of My and M;,p, and the points
labeled “Run ITa” and Run IIb” represent the CDF II es-
timates for 2 fb=! and 15 fb=!. The curves are from a
calculation [2] of the dependence of My on My, in the
minimal standard model using several Higgs masses. The
bands are the uncertainties obtained by folding in quadra-
ture uncertainties on a(M%), Mz, and as(M2). Also in-
dicated is the calculation based on a minimal supersym-
metric extension of the standard model (MSSM) [9].

with an uncertainty of My /My ~ 30%, assuming
we will not be limited by the uncertainty in a(Myz).

For Run II, the statistical uncertainty and most of
systematic uncertainties are expected to be reduced
significantly compared to Run I. A salient feature of
the W mass analyses has been that most of the inputs
required for the measurement have been constrained
from the collider data. Thus we believe that, with
a factor of 7.5 more data, a reduction of the total
uncertainty by a factor of 2 is feasible and includes
some conservatism. The individual uncertainties are
briefly discussed.

2.4.3.1 Statistical Uncertainty

For Run Ib the typical instantaneous luminosity at
the beginning of runs was about 2 x 103! cm~2 sec™!
and we had about 2.5 extra minimum bias events
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200 Figure 2.22: The radial distributions for conversions from

the Run II commissioning run, in the vicinity of the COT
inner wall. An aluminum radiator was attached to the
inside of the COT wall on the lower side for calibration.

overlying W and Z events on average. This results
in about a 10% loss in statistical precision due to the
degraded resolution in the recoil measurement in Run
Ib as opposed to Run Ia. For 132 ns operation in Run
IT the increased number of bunches will more than
compensate for the higher luminosity and the num-
ber of extra minimum bias events will be to the Run
Ia level. This will give us a situation which is better
than Run Ib in terms of the statistical power of the
data.

2.4.3.2 Track momentum scale and resolu-

tion

Scale: Knowledge of material in the tracking vol-
ume is of importance in determining the momentum
and energy scale. The associated systematics are the
uncertainties in the muon energy loss (dE/dz) for the
momentum scale and in the radiative shift of the elec-
tron E/p peak for the energy scale. Although the
amount of material in the tracking volume will be
changed we have shown that photon conversions al-
low us to measure the amount of material in radiation
length quite accurately, as illustrated in Figure 2.22
and can reduce the uncertainties on the W mass mea-
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Figure 2.21: Transverse mass distributions and fits for W — ev (left) and W — uv (right) from Run Ib.

Source W —sev W — uv common
statistical 65 100
lepton scale 75 85
lepton resolution 25 20
pdfs 15 15 15
pIW 15 20 3
recoil 37 35
higher order QED 20 10 5
trigger, lepton identification bias - 15 @ 10
backgrounds 5 25
total 92 103 16

Table 2.6: Systematic uncertainties in the W mass (in MeV) in the CDF measurements from the Run 1B data.
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Source of Uncertainty

Uncertainty (MeV/c?)

W —sev W — puv Common

Statistical 5 8 -
Lepton Energy/Momentum Scale 10 8 8
Lepton Energy/Momentum Resolution 4 3 —
Recoil modeling 3 3 3
Trigger, Event Selection 5 5 -
Backgrounds 5 5 -
Py 5 5 5
PDF 5 5 5
QED radiative corrections 5 5 )
Total Uncertainty 17 17 12
e and p Combined Uncertainty 15

Table 2.7: Estimates of uncertainties in the W mass measurement for 15 fb~1.

surement. During the commissioning run for Run Ila,
a precisely-known aluminum radiator was placed in-
side the COT inner wall to provide a calibration ref-
erence using conversions.

The dFE/dx muon energy loss requires information
of the material type in addition to the radiation
length. For example, an unknown type of 1% X,
material leads to about 10 MeV uncertainty in the
W mass measurement. We have fairly detailed in-
formation available on the construction of the Run
ITa tracking detectors and do not expect this to be a
limitation.

Resolution: It is important to assess the impact
of high luminosity running on the track momentum
resolution. In Run Ib, the CTC track resolution de-
graded with luminosity, but could be recovered when
SVX hits or the SVX beam position were added to
the tracking. For instance, if we compare early Run
Ib (£ ~ 0.2 x 10%!) to later Run Ib (£ ~ 1 x 1031),
the CTC track resolution observed in the width of
the J/v peak worsens by 35%, but the SVX + CTC
track resolution worsens by only 10%. The new track-
ing system incorporates this linking naturally across
all detectors (for |n| < 1.0). It is clearly important
here to maintain the tracking capability of the Run
ITa SVXII-ISL-COT integrated system.

The My, uncertainty due to the momentum reso-
lution uncertainty will scale with statistics since the
resolution is determined using Z — uu events.

2.4.3.3 Calorimeter energy scale and resolu-

tion

The dominant uncertainty in the electron energy scale
for Run I was from the uncertainty in amount of ma-
terial in radiation length, and statistics. As described
above, the amount of material is expected to be well
measured by photon conversion events for Run IIb
and the uncertainty should scale with statistics.

The M uncertainty due to the energy resolution
uncertainty will scale with statistics since the resolu-
tion is determined using Z — ee events.

2.4.3.4 Recoiling energy modeling

The detector response to the recoil energy against W
is directly calibrated using Z — ee. Therefore the
uncertainty will scale with statistics. For Run II with
the muon coverage at high n, Z — up can also be
used.

2.4.3.5 W Production model

PJW : For the P%V spectrum, the PTZ distribution
from ee,pup and a new theoretical calculation which
includes soft gluon resummation effects and W, Z de-
cays are expected to provide appropriate checks and
improved theoretical guidance, and will allow the re-
duction of the current uncertainty in My substan-
tially.

The Run I measurement of do/dPZ [10] is shown in
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Figure 2.23: The do/dpr of ete™ pairs in the mass range
66 — 116 GeV/c?. The inset shows the pr < 20 GeV/c re-
gion with a linear ordinate. The crosses are the data with
all errors included, except the 3.9% luminosity error. The
dashed (solid) curve is the EV (Z-only RESBOS) predic-
tion with the cross section normalized to 248 pb.

Fig. 2.23. With 15 fb~! of Run IIb data, the errors in
the low PTZ region are expected to be 1%, providing
a very strong constraint on the theoretical model in
the region relevant for the W mass measurement.

Parton Distribution Functions: The Run I un-
certainty in PDF’s was constrained by the CDF W
asymmetry measurement (see Figure 2.24), which will
become more precise with statistics. Forward cover-
age is very important for this measurement since the
PDF sensitivity increases with the rapidity coverage.
The data in the central region probes the d and u dis-
tributions in the z region between 0.02 and 0.15. The
forward data probes the region between 0.006 (a new
region of ) and 0.35.

However, Monte Carlo studies have shown that the
W charge asymmetry does not have the same sensitiv-
ity to all aspects of the PDF’s as the W mass measure-
ment. Therefore additional measurements are likely
to be needed which will constrain PDF’s in different
ways. The y distributions of Z (yz) from dileptons
have sensitivity to constrain PDF's, and this may help
reducing the PDF uncertainty in My,. A precise mea-
surement of Z efficiency as a function yz in a wide
rapidity region is required, which can be measured us-

ing the Z sample itself with sufficient statistics. Fig-
ure 2.25 shows the Run I measurement [11] of do/dy
for Drell-Yan production. The measurement is com-
pletely limited by statistics in Run I, and is likely to
remain so even beyond 2 fb~!. For this measurement
forward coverage is essential. Similar but additional
information on PDF’s can be obtained by measuring
the lepton rapidity distribution in W decays.

Cross section measurements of Drell-Yan produc-
tion [12] (especially the low mass region) can be used
to get further constraints on PDFs. The Run I Drell-
Yan cross section measurements using central elec-
trons are shown in Figure 2.26. The low mass data is
sensitive to the very low z region. Run IIb upgrades
to the DAQ bandwidth will be important for this pro-
gram in order to preserve our ability to trigger on low
pr lepton pairs.

The PDF uncertainty can also be reduced by raising
the minimum M:,W for fitting. This will imply a larger
statistical uncertainty, and is an example of using the
huge Run IIb statistics to reduce systematics and the
total uncertainty.

While the PDF uncertainty will warrant attention,
it is likely that a program of measurements with col-
lider data will prevent it from dominating the W
mass measurement. It should be noted that the com-
bined D run I measurement, including the forward
calorimeter data, already quotes a PDF uncertainty
of 7 MeV [13].

QCD higher order corrections : The effects of
higher-order QCD corrections on the W polarization
have been calculated at O(a?2). The W mass is mea-
sured using the low pTW sample where the higher or-
der QCD corrections are modest. The uncertainty is
negligible in current analyses, and should not be a
fundamental problem in the future. This effect has
been measured in Run I [14] and the measurement is
statistically limited. With Run IIb statistics, a pre-
cise measurement of the W polarization as a function
of qu will be possible.

QED Radiative corrections : Radiative correc-
tions in My are rather large: the shifts in My, due to
the final state radiation are 65 MeV in the W — ev
channel and 168 MeV in the W — pv channel. For
Run Ib, the uncertainty in these shifts due to missing
diagrams was estimated to be 20 MeV and 10 MeV
for the electron and muon channels respectively. Re-
cently, a more thorough calculation [15] of electroweak
radiative W and Z boson production and decay, in-
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Figure 2.24: Left: Combined Run Ia W charge asymmetry measurement using muons and central
and plug electrons. Right: Combined W charge asymmetry using Run Ia and Ib data including the
forward muons, showing the effect of the larger rapidity coverage and higher statistics.

cluding initial and final state radiation, finite lepton
masses, and finite W, Z width effects. A two-photon
calculation is also available [16]. This will make it
possible to reduce the error associated with radiative
corrections substantially in the future.

2.4.3.6 Backgrounds

The Z — pp background (one muon in the central
muon chambers and the other muon in high 7 re-
gion) in the W — pv sample is the dominant back-
ground for this channel and its uncertainty derives
from the choice of PDF’s and the tracking efficiency
at high . For Run II, the tracking upgrade (well mea-
sured ISL+SVXII tracks in the region 1 < |n| < 2)
and the forward muon upgrade (muons in the region
1.5 < |n| < 3) together with the muon signature in
the plug upgrade calorimeter will remove most of this
background and will reduce the uncertainty. This un-
certainty does not scale easily with statistics, but for-
ward tracking and muon coverage is clearly very im-
portant to control this source of background.

2.4.3.7 Trigger and Selection Bias

For Run Ib, there was a 15 MeV uncertainty due to
a possible momentum dependence of the muon trig-
gers in the W — pv channel. The measurement of
the momentum dependence was statistically limited.
The muon selection is also possibly affected by the
presence of nearby jets.

For Run IIb, it is important to maintain unbiased
triggers. That is, the momentum thresholds should be

low enough not to introduce a Pr or Er dependence
above 25 GeV. Also, the lepton selection should not
be biased by hadronic activity. This means we must
maintain high tracking efficiency as the luminosity in-
creases.

2.4.3.8 W mass summary

We make a conservative estimate that 15 fb~! will al-
low CDF II to measure the W mass to £20 MeV/c?,
which will be a significant improvement over the Run
ITa measurement and the world average, giving the
Tevatron the leading role in the measurement of this
important parameter. Coupled with a commensurate
improvement in the top mass precision, this will give
the Tevatron the dominant position in constraining
the Higgs mass. The estimates of individual uncer-
tainties is shown in Table 2.7.

2.4.4 W Width

The leptonic branching ratio of the W may be inferred
from the ratio R = o - Br(W — lv)/o - Br(Z — ),
using LEP measurements for the Z couplings and
a theoretical prediction of the production cross sec-
tion ratio. It provides a standard model consistency
check. For Run Ia [17] CDF measured Br(W —
ev) = 0.109 &+ 0.0033(stat) £ 0.0031(syst). If one fur-
ther assumes standard couplings for W — ev, one
can derive a value for the total width of the W bo-
son, 'y = 2.064 + 0.0060(stat) + 0.0059(syst) GeV.
The theoretical uncertainty in the cross section ratio
is expected to limit precision to about +1%. How-
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ever, the upgraded momentum measurement in the
region 1 < || < 2 should give improved acceptance
systematics, reducing the dependence on the parton
distribution functions.

The W width can be measured directly from the
shape of the transverse mass distribution (see Fig-
ure 2.27). For M}V > 100 GeV/c? resolution effects
are under control and using Run Ib in the modes
W — ev and W — pv, CDF measured I'yy =
2.04 £ 0.11(stat) £ 0.09(syst) GeV [19]. The direct
measurement of the W width closely follows the mea-
surement of the W mass. The uncertainties will likely
scale with statistics allowing a +15 MeV measurement
for 15 fb~!, much better than the LEP2 expectation
of £200 MeV, and providing a stringent test of the
standard model.

2.4.5 Gauge Boson Couplings

The Standard Model makes specific predictions for
the trilinear couplings of the gauge bosons, W, Z, and
~. The nature of these couplings can be investigated
via studies of W+ and Z+ production [20] and WW,
WZ and ZZ pair production [21]. The major goals
of these studies will be testing the Standard Model
prediction(s) and searching for new physics. The Run
I results are summarized in Table 2.8 (see also [3] for
details).

W+ production in pp collisions is of special inter-
est due to the SM prediction of a radiation amplitude
zero in the charge-signed Qw - cos @ distribution at
~ —(0.3. The radiation zero is also predicted to man-
ifest itself as a “channel” in the charge-signed Qe
vs. Qwmn, 2-dimensional distribution [22], and as a
strong “dip” in the charge-signed photon-W decay
lepton rapidity difference distribution, Qw - (7, — n¢)
at ~ —0.3.

By using central and plug electrons and photons,
it will be possible in Run Ila to conclusively estab-
lish the dip in the photon lepton rapidity difference
distribution. On the other hand, for central electrons
and photons only, the dip is not statistically signifi-
cant with Run ITa statistics and will benefit from Run
ITb statistics. Also, the increased statistics will help
to measure the location of the dip more precisely and
provide a better test of the standard model prediction.

Backgrounds from electromagnetic showers induced
by cosmic rays are important for diboson analyses.
For example, a W — ev event with a cosmic ray
would look like a W+~ event with anomalous FEr .

Similarly, a Z — ee event with an overlapping cos-
mic ray would give an eeyHr signature. The process
pp — Z°(— vir) + v + X has large cosmic ray back-
grounds. Sensitivity to Z7 anomalous couplings is
statistics-limited and this channel has the advantage
over the £T¢~~ channel by a factor of 3 in the branch-
ing ratio, and almost a factor of 2 in the acceptance.
The D experiment has taken advantage of its point-
ing calorimeter to control cosmic ray backgrounds,
and has produced the best Z~ measurement by using
the vE7 channel [23]. By using the EM calorime-
ter timing information provided by the proposed Run
ITb upgrade, the cosmic ray background can be con-
trolled much better and the sensitivity of these dibo-
son analyses will increase significantly.

For Run II, we anticipate that the current results
from CDF will undergo further significant improve-
ments with 15 fb~! integrated luminosity, in conjunc-
tion with the Run II upgrades of the overall track-
ing, calorimeter, muon and DAQ systems. Since the
acceptance for diboson events increases rapidly with
rapidity coverage, it is important to maintain this
capability through Run IIb to fully exploit the in-
creased luminosity. The sensitivity for WWV and
7 7~ anomalous coupling is limited by the statistics of
backgrounds and potential signal and therefore ben-
efits from larger data sizes, improving as N*/4. The
CDF IIb measurements with 15 fb~! (see Table 2.9)
are anticipated to surpass those from LEP-II experi-
ments. The Tevatron also has a significant advantage
over LEP-II because the Tevatron can produce all the
three (W~, WW and W Z) final states and therefore
obtain independent sensitivity to the different cou-
plings with fewer assumptions.

In addition to the increased sensitivity to anom-
alous couplings through potential excesses in the data,
15 fb~! of integrated luminosity makes it possible
to measure all the diboson production cross sections
with good precision. This is particularly true for the
WW, WZ and ZZ cross sections which are statisti-
cally limited even with 15 fb~! (see Table 2.5). The
precise measurements of these cross sections means
that we will also be sensitive to deficits compared to
the predicted cross sections. This will add a whole
new dimension to diboson physics and new physics
searches, which makes a strong case for going beyond
2 fb~! and acquiring 15 fb~! of data.

The statistics of Run IIb will also make possible for
the first time a study of two new diboson channels,
W Z — lvbb and the ZZ final state. The former chan-
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Mode Luminosity Anomalous Coupling limit
(L=e,u) (pb™1) (95% C.L.)

Wy = v,y 20 —0.7<A<0.7, —22< Ak <23
WW — dilepton 108 —09<A<09, -1.0<Ak<13
WW and WZ — leptons + jets 19.6 —0.81<A<0.84, 111 < Ark < 1.27
Z — 0y 20 —3.0< h%, <30, —0.7<h% <0.7

Table 2.8: 95% C.L. Anomalous gauge boson coupling limits achieved in Run I analyses by the CDF Collaboration.

Mode Luminosity Anomalous Coupling limit

(fb~1) (95% C.L.)
Combined W~, WW and WZ 2 —0.086 < X < 0.090, —0.12 < Ak < 0.19
Combined W~, WW and WZ 15 —0.052 < A < 0.054, —0.073 < Ak < 0.115
Zy — Uy 15 —0.045 < h%, < 0.045, —0.0027 < h%, < 0.0027
Zry — vy 15 —0.019 < h%, <0.019, —0.0014 < hZ, < 0.0014

Table 2.9: 95% C.L. Anomalous gauge boson coupling limits that might be achieved in run IIb.

nel is very important to understand as a background
to the W H channel for the Higgs search.

2.4.6 Forward-Backward 7/ Asymmetry

The presence of both vector and axial-vector cou-
plings of electroweak bosons to fermions in the process
qq — Z°/y — eTe™ gives rise to an angular asymme-
try, “Forward-Backward Asymmetry”, in the emission
angle of the electron in the rest frame of the electron-
positron pair. This asymmetry, Arpg, is a direct probe
of the relative strengths of the vector and axial-vector
couplings over the range of Q? being considered. In
addition, App constrains the properties of any hy-
pothetical heavy neutral gauge bosons not included
in the Standard Model. For values of Q? significantly
larger than MZZ, App is predicted to be large and pos-
itive (approximately 0.5), which makes it sensitive to
deviations induced by new physics.

From ~110 pb~! of the Run I dielectron data, CDF
has measured[24] App to be 0.070 &+ 0.016 using a
sample of 5463 events in the Z pole region defined
by 75 < Mg < 105 GeV, and 0.43 £ 0.10 using
a sample of 183 events in the high mass region de-
fined by M., > 105 GeV. These measurements can
be compared with the Standard Model predictions of
0.052 £+ 0.002 and 0.528 + 0.009. Table 2.10 summa-
rizes our measured values for Arppg and its uncertain-
ties in both invariant mass regions. The statistical er-

rors are dominant, and the sources of systematic un-
certainty (from background level determination and
electron pair mass resolution) are expected to scale
with statistics as well. This means that these mea-
surements will benefit from increased statistics even

beyond 15 fb~1.

In the vicinity of the Z° pole it will be possible to ex-
tract a precision measurement of sin’ 0;{;" from Appg.
The uncertainty in sin? H%f should also scale with sta-
tistics since App is proportional to (sin? G%f —0.25).
Under the assumption that all uncertainties scale with
statistics, we expect an uncertainty in Agppg of 0.001
and an uncertainty in sin? H%f of 0.0004 with 15 fb—1.
The theoretical uncertainty in Arpg due to parton dis-
tribution uncertainty should be below 0.001, and with
further improvements in PDF’s should not pose a lim-
itation.

It should be noted that if sin? Hf,{,cf is measured
to within 0.0004 as expected, then the CDF IIb re-
sult will improve upon the LEP I and SLD results
which measure sin? H%f from jet charge asymmetries
in hadronic Z° decays with an uncertainty of ~ 0.001.
Since the initial and final states are reversed in the
two cases, the systematics are also different.

Well above the Z° pole, for electron pairs with in-
variant mass in excess of 105 GeV/c?, App is domi-
nated by Z°/~ interference, and a large positive value
is predicted for App with a very flat dependence in
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75 GeV/c? < Mg < 105 GeV/c? | M, > 105 GeV/c?
CC CP CC | CP
Raw event sample 2602 2861 98 | 85
Background Of% 110 &+ 36 1ff 11’%1
Predicted Asymmetry 0.05240.002 0.52840.009
Measured Asymmetry 0.070+0.016 0.43+0.10
Uncertainty in Appg
Statistical 0.015 0.08
Background subtraction 0.002 0.04
Mass Deconvolution 0.003 0.03
Total uncertainty 0.016 0.10

Table 2.10: Run I (110 pb~!) measurements of Arp.

electron pair invariant mass. There can be strong
variations in Agpp with invariant mass due to a vari-
ety of exotic physics at higher invariant mass scales,
including most Z’' or composite Z models [25], and
also lepton compositeness models, exchange of lep-
toquarks or R-parity violating SUSY particles, and
extra dimensions. Moreover, if new physics is dis-
covered at CDF II, Agpp measurements will provide
discrimination between various models.

As with the measurements of App at the Z° pole,
we expect the uncertainty in the measurements above
the Z° pole to scale with statistics compared to the
Run I measurement [24]. For electron pairs with in-
variant mass between 105 GeV/c? and 195 GeV/c?,
we expect to collect approximately 20,000 events with
15 fb~!. Using this entire sample we expect to mea-
sure Appg to within 0.007. For electron pairs with in-
variant mass above 195 GeV/c? (above the LEP 200
maximum +/s), we expect to collect approximately
2,000 events, which should allow a measurement of
App to within 0.025. Parton distribution function
uncertainty will not significantly affect this sensitiv-

ity.
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Figure 2.25: do/dy distributions of ete™ pairs in
(a) the Z boson mass region, and b the high mass
region. The error bars on the data include statis-
tical errors only. The theoretical predictions have
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Figure 2.26: Drell-Yan dilepton (eTe™,uTp™)
production cross section from Run I as a func-
tion of the dilepton invariant mass. Also shown
are expectations from compositeness models.
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Figure 2.28: (a) do/dM distribution of ete™ and ptpu~
pairs. All errors (except for the overall 3.9% luminosity
error) have been combined in quadrature. The standard
model theoretical predictions (solid lines) have been nor-
malized to the data in the Z boson mass region. Also
shown are the eTe™ measurements from D. (b) App versus
mass compared to the standard model expectation (solid
line). Also, predicted theoretical curves for do/dM and
App with an extra Eg Z' boson (width of 10%) with
Mz = 350 GeV (dotted line) and 500 GeV (dashed line).
The inset in (a) shows the difference, “A” in fb/GeV/c?,
between the CDF ete™ do/dM data and the standard
model prediction (on a linear scale) compared to the ex-
pectation from these two Z' models.
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2.5 Search for New Phenomena

2.5.1 Introduction

The Standard Model is widely believed to be incom-
plete. Indeed, precision electroweak data, combined
with the direct search limit from LEP for the Higgs
(HY), are moderately inconsistent.[1, 2] Strong the-
oretical arguments suggest that new physics should
emerge at the scale of electroweak symmetry break-
ing, for example in scenarios invoking supersymmetry,
new strong dynamics, or large extra-dimensions.

If we assume that no discoveries are made in the
2 fb~! Run IIa, nevertheless an order of magnitude
increase in integrated luminosity will greatly extend
the discovery potential of CDF II. This is despite
the fact that, as illustrated in Figure 2.29, the reach
in mass grows only logarithmically with integrated
luminosity. However, numerous models have been
suggested that predict new phenomena at a scale
accessible at the Tevatron— for example in models
of supersymmetry [3, 4, 5, 6, 7, 8], technicolor [9],
gauged flavor symmetries[10], and large extra dimen-
sions [11, 12, 13]. However, in many cases small
branching ratios for experimentally viable signatures
make detection difficult. In this situation one gains as
the square-root of the integrated luminosity. Thus, a
large discovery potential for CDF II exists in a high-
luminosity Tevatron run.

The situation is well illustrated by the case of su-
persymmetry in a supergravity (SUGRA) scenario.
As part of the Physics at Run II Workshop [14],
the SUGRA working group studied five choices of
SUGRA parameters (for details, see reference [15].)
In SUGRA models, charginos and neutralinos tend to
be light (100-200 GeV range) and therefore xx pair
production cross sections tend to dominate. This is
illustrated in Table 2.11, where yx production is dom-
inant for all cases except the fourth where there is a
large -pair cross section. An effective search strategy
in SUGRA models is therefore to look for tri-lepton
final states.[19] However, tri-lepton final states, which
might arise from three-body decays (e.g. XT — €vex°)
or leptonic decays of the 7 (particularly in large tan 8
models such as cases 2,3,5), result in rather small sig-
nal cross sections (see Table 2.12). The Standard
Model backgrounds from this study are shown in Ta-
ble 2.13. Whereas with 2 fb~! only case 1 is observ-
able at the 3o level in the tri-lepton channel, with 15
fb~1 all cases except case 4 are observable at this level
in this channel.

Table 2.11: Parameter space choices, sparticle masses and
total signal cross sections for the five chosen case studies
of the mSUGRA group. The total cross section and frac-
tional contribution to the signal from various subprocesses
in the five parameter space cases of reference [15].

case W 1@ 6 | @] 06

10t (fh) 404 | 653 | 2712 | 3692 | 1393
§,3(%) 43 166 | 504|662 001
G, ax(%) | 24 | 36| 29 | 1.2 | 0.01
X (%) 85.0 | 85 | 45.7 | 32.6 | 99.5
(%) 83 | 47| 1.0 | 0.04 | 04

tt(%) 1.8 | 1.5 | 41 | 65 | 0.01
XTx3(%) | 438 45 | 26.5 | 18 | 16.7
XiXt(%) | 335 | 33 | 17.6 | 13 | 246

Table 2.12: The 3¢ signal (fb) in 5 parameter points
(adapted from [15]) The lepton pr thresholds are 11,7,
and 5 GeV.

case o b

(1) | 7.39+0.12
(2) |0.93+0.06
(3) | 1.08+0.12
(4) | 2724023
(5) | 0.63+0.07

An additional analysis was performed for sensitivity
in a more general minimal SUGRA model with essen-
tially the same cuts.[15] As shown in Figure 2.30, the
reach increases significantly for a high luminosity run
(here taken as 30 fb=1).

2.5.2 Generic exotic signatures and the
CDF 1II upgrade

The search for new phenomena looks for any devi-
ation from Standard Model expectations. However,
guided by theory, historical precedent (e.g. high pr
leptons), and sometimes serendipity (e.g. the CDF
eeyylr candidate event), certain generic signatures
emerge: missing transverse momentum (#r), high-pr
leptons (e, u), multi-leptons, high-pr jets, displaced
vertices, high-pr photons, hadronic 7-decays, and
highly-ionizing particles. The CDF upgrade has been
designed to detect these objects with precision and
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95% C.L. lower limit on the mass vs.
minosity at the Tevatron for searches
bosons.
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objects grows only logarithmicly with luminosity.
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and (b) p < 0. (from reference [15])
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Table 2.13: SM backgrounds (fb) for low-pr trileptons as
defined in reference [15] (“soft B” cuts). (adapted from

[15])

BG o fb
i 0.45 + 0.003
el 0.20 + 0.004
urT 0.36 + 0.008
vl 0.13 £ 0.008
orr 0.06 + 0.001
tt 0.06 + 0.004
total 1.26
99% C.L.(2 fb~1) 2.5
30(2 b 1) 2.38
30(15 b~ 1) 0.87

efficiency.

Certain aspects of the Run IIb upgrade are needed
to maintain CDF’s excellent performance in the high
luminosity environment. Precision tracking is clearly
critical, not only for lepton detection and photon dis-
crimination, but for identification of primary and sec-
ondary vertices. Thus the silicon detector, which will
discriminate between multiple primary vertices along
the interaction region, and detect secondary vertices
with high efficiency and precision, is essential for the
exotics program. In addition, the ‘projective’ modi-
fication of the inner layers of the COT will allow for
continued high-efficiency tracking in the central ra-
pidity (|n| < 2) region. Of critical importance is the
ability to trigger on muons. This capability depends
on scintillator timing in addition to stub finding in
the muon drift chambers. In the intermediate rapid-
ity range, this timing is provided by the CSX scintil-
lators. These counters will need to be replaced for the
high-luminosity run.

Several of the proposed upgrades will significantly
enhance the performance of the detector for Run IIb
in ways highly relevant to exotic searches. The addi-
tion of stereo information to the Level 1 trigger will
have a major impact on signatures with multiple, low-
pt leptons or displaced vertices. The additional Z in-
formation should significantly reduce fake rates. In
addition, because Level 1 tracks are available for the
Level 2 decision, this upgrade will allow for enhanced
Level 2 track-based triggers, for example one based
on a multi-track mass. This is illustrated in Figure

2.31 for the dimuon J/t trigger. In this case the
additional stereo information allows the application
of a mass cut which dramatically reduces the trigger
rate. Stereo tracking at the trigger level will also im-
pact the Level 1 track trigger (Track Trigger module)
which is primarily aimed at selecting hadronic decays
of B hadrons. Currently this module looks for pairs
of tracks. We are proposing an upgrade to the Track
Trigger module that will additionally trigger on three
tracks. This upgrade is primarily designed to main-
tain the capability for triggering on displaced vertices
in a high luminosity environment.

The proposal to add timing information to the read-
out of the central and plug Electromagnetic calorime-
ters will significantly enhance our capability to do
physics with photons. This timing information will al-
ready be available for the hadron calorimeters in Run
ITa (central hadronic timing was available in Run I); it
is critical in removing noise hits as well as identifying
cosmic rays. However, the hadron timing is obviously
ill-suited for the timing of electromagnetic particles.
In current searches for extremely rare events, cosmic
ray backgrounds remain a problem. Additionally, the
timing will ensure that all photons are from the pri-
mary interaction. This will be essential at high lu-
minosity with multiple interactions (mean ~ 5) per
crossing. This situation is illustrated by the eeyyfr
candidate event, where the hadron calorimetry timing
was available for one electron and one photon in the
event (see Figure 2.32). [20] In this case, both elec-
tron and photon are both consistent with the (unopti-
mized) 4 ns resolution. The cosmic rays background,
uniform in time, is also shown. However, no timing
information is available for the plug electron candi-
date or the second photon. The instrumentation of
the electromagnetic calorimetry with timing both for
central and plug calorimeters will allow timing for all
electromagnetic clusters. Additionally, a 1 ns reso-
lution is achievable with calibration. This capability
would allow for searches of long-lived particles pre-
dicted in some models of gauge-mediated supersym-
metry decaying to photons.

2.5.3 Illustrative signatures in specific

models

Beginning with the Tev-2000 Workshop in 1996 [21]
and continuing through the more recent Physics at
Run IT set of workshops sponsored by Fermilab[14], a
great deal of effort has gone into studying the physics
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